In the present work, a transient full-coupled modelling approach has been put forward to study the effect of electrode tip on formation of metal droplets and temperature profile in the electromagnetically-controlled electroslag-remelting furnace with vibrating electrode. The electromagnetic field, momentum and energy conservation equations are solved simultaneously based on the finite volume method. The interface of slag and metal is traced using the volume of fluid approach. The results show that in the case of cone tip electrode the average dimension of metal droplets is smaller compared to the flat tip electrode. In addition, the bigger and stretched metal droplets are not observed with the cone tip electrode. The temperature fields with the cone tip electrode are distributed in a prominent periodic pattern compared to the case with flat tip electrode. The maximum temperature zone with the cone tip electrode is located along the z axial in the upper part of slag, not in the lower part. When the frequency changes from 0.17 Hz to 1 Hz, the maximum temperature reduces from 2050 K to 1985 K and the peak value of velocity decreases from 0.20 m/s to 0.125 m/s. When the vibration amplitude varies from 3mm to 6mm, the maximum temperature in the slag cover drops by 3.9% and the peak value of velocity rises by 16.7%.
Introduction
The electroslag remelting (ESR) process is a foundry method to refine and mold molten metals based on the electrical heating technique [1] . The Joule heating generated from the molten slag pool is used to melt the consumable electrode tip. The melting metal droplets at the tip of electrode go through the slag cover and come together in the molten metal pool. And finally they are solidified in the cooling water mold to form the high quality, low defects and segregation ingots [2] . Generally, the performance of ingot is characterized by its surface and internal performance, which depends intensively on the temperature and profile of melting pool [3] . The desired condition of the ESR process is a shallow metal melting pool which elevates unidirectional (upwards) solidification of the metal [4] .
In order to improve the efficiency of ESR furnace and the ingot performance, the vibrating electrode electroslag remelting (VE-ESR) process has been proposed. Wang et al. [5] points out the vibrating electrode ESR technique would increase melting rating, improve heat transfer characteristic between electrode and slag, and even raise the temperature in slag layer. Figure 1 shows a schematic of the VE-ESR system.
In the ESR process, the electrode tip is supposed to effect the formation of metal droplets, while it will change the shape and size of metal droplets, further dominating the temperature profile in slag [6] . Because the change of the electrode tip dramatically influences the distribution of electrical currents in the slag, and so does the distribution of Joule heating. Furthermore, it has been concerned that the metal pool shape plays an important role on the solute transport and macrosegregation in the ESR ingot [7] . Therefore, the effect of the electrode tip on the formation of metal droplets and temperature field should be systematically understood.
In the past, dedicated amount of work was done by choosing the flat tip electrode in the multi-physical fields. Jiang et al. [8] established a transient 2D axisymmetric numerical model with flat tip electrode to reveal the effect of metal droplets on the electromagnetic field, fluid flow and temperature field in the ESR process. Kharicha et al. [9] studied the influence of the frequency of AC power supply on the magneto-hydrodynamic with flat electrode tip during the traditional ESR process. The influence between the electrochemistry and the droplet formation is discussed. Kelkar et al. [10] studied the effect of the various process parameters on temperature profiles, flow field, and pool shapes with flat electrode tip in the traditional ESR process. Wang Q et al. [11] employed a transient 3D model to understand the role of slag thickness on the formation of metal bath with flat electrode tip in the ESR process. They found that changing the slag thickness could non-monotonically alter the slag temperature. However, they are all discussed about flat electrode tip during the traditional ESR process.
As discussed above, few attempts to systematically discuss the effect of electrode tip on the formation of metal droplets and temperature field in the vibrating electrode ESR furnace are found. In order to put the vibration electrode ESR system into practice, a further parametric study should be conducted. The aim of the present work is to study the effects of electrode tip profile on the formation of metal droplets and temperature field in the VE-ESR process. A transient full-coupled mathematical model with magneto-hydro-dynamic (MHD) multi-phase approach coupled with the dynamic mesh-based method has been established in the electromagnetic-controlled VE-ESR furnace. In addition, the effect of amplitude and frequency of electrode vibration have been discussed.
Mathematic Model
In the paper, the impact of electrode vibration on the electromagnetic field is neglected. The computational domain are composed of the slag and ingot.
The basic electromagnetic equations for the whole zone are as follows:
Ampere's la: Faraday's law:
Gauss's law:
Continuity of magnetic flux density:
The displacement of electric current is much lower than electric conduction while the frequency is less than 50 Hz [12] . So that Ampere's law is simplified as: ∇ × ⃗ H = ⃗ J Ohm's law:
Lorentz's law:
Joule's law: Fluid flow does not effect the magnetic field, as the magnetic Reynolds number keeps lower [13] . Thus, the Ohm's law has been simplified to ⃗ J = σ ⃗ E, Joule heat generation rate is expressed as:
The flow of the slag and liquid metal are supposed to be turbulent, as previously discussed by Jardy et al. [13] and Kelkar et al. [14] . Hence, it is modeled based on Reynolds-averaged Navier-Stokes equations, through taking apart the local velocity into a mean and a fluctuation value. A standard k-ϵ turbulent model is employed to solve the turbulent viscosity of the momentum equations as follows:
The volume of fluid (VOF) method presented in 'FLU-ENT' software are introduced since it is a robust, widely applied technique [5] . The user defined function (UDF) and dynamic mesh model are unified to performance the behavior of vibrating electrode.
Where, ⃗ Fe and ⃗ F b + denotes the Lorentz force and buoyancy force, respectively. The buoyancy force is decided by the Boussinesq approximation [15] . The source term ⃗ Fp is implemented to block the velocity to zero in the mushy zone.
The heat transfer and solidification feature in the ESR process are described by the energy conservation equation based on the enthalpy-formulation [16] :
Where, λ t denotes the effective thermal conductivity which is inferred from the turbulent viscosity [17] , Q Joule is Joule heating.
Boundary conditions and solution procedure
At inlet and outlet, the magnetic flux density is continuous and equal to zero near the wall [13] and Mx = My = ∂Mz ∂z = 0; Wall: Mx = My = 0 and Mz = I 2πr . Evolution of the melting rate is solved by an iterative method, as follow [12] :
Here, the symbol ψ represents the power efficiency. It is hard to decide the power efficiency accurately as to the complex physical and chemical process. Hence, a reasonable power efficiency 0.18 is chosen from literature [18] .
A no-slip boundary condition is imposed at the mold walls. The top surface of slag are forced with zero shear stress. Inlet metal temperature profile was drawn with a parabolic shape, which had a 30 K superheat higher than the metal liquidus. Equivalent heat transfer coefficients are applied for the lateral and bottom walls [18, 19] . The key geometrical and material properties together with controlling parameters are shown in Table 1 .
The commercial software FLUENT is used to simulate the VE-ESR process ground on the finite volume method. While the electromagnetic field computed by the MHD module is not proper for the ESR furnace, we programed and developed the MHD module with user-defined functions based on the Maxwell equations. Controlling equations including electromagnetic phenomenon, fluid flow, heat transfer and metal pool profile are iteratively solved. The motion of vibrating electrode is traced by a dynamic mesh-based approach. The second order upwind is used to discretize all the equations. The iterative procedure will not stop until the normalized residuals is below 10 −6 . The computational zone is gridded with the structured mesh. In order to insure the reasonability of convergence criteria, the time step is set to be 0.001s. It takes about 160 CPU hours in parallel mode (HPC of 8 cores and 3.10 GHz) to obtain a convergent result. In order to check out the dependence of mesh, the three meshes of 124,000, 245,000, and 402,000 control volumes are performed, respectively. Due to the longer computational time, the middle mesh is used, shown in Figure 2 .
Model validation
In order to verify the reliability of mathematical model, the temperature between the plant experiment and numerical simulation has been compared. The plant-scale experiment with a vibration electrode on an ESR furnace has been conducted in Shenyang Research Institute of Foundry. The inner diameter, height, and wall thickness of mold were 220×1000×71 mm. The 4500 A and 50 Hz current was used. The cylindrical electrode was made of Q235 carbon steel, approximately 110mm in diameter. The normal slag composition was 70%wt of calcium fluoride and 30%wt of aluminum oxide. The slag cover thickness was maintained at 120 mm during the whole process. The monitor points of slag temperature is measured by a disposable W3Re/W25Re thermocouple. The vibrating electrode containing the laser amplitude sensor was laid out and manufactured following the classic vibration technology. The Figure 3 represents the time series of temperature between experiment and simulation. The position of measurement is defined at monitor point as it is convenient for us to arrange the thermocouple during the experiment. The calculation results are in accord with experimental results, hence it is indicated that the mathematical models used in this work are reliable and effective. Figure 4 presents formation of metal droplets and electromagnetic force distribution under horizontal vibration with flat tip electrode during the whole period (3s). The high electrical resistance of slag provides plenty of energy to melt the electrode tip, leading to the formation of metal droplets. It can be found that the horizontal motion of electrode is transferred to the metal droplets horizontal velocity. The metal droplets flow periodically downward and during this process, they are prone to concentrate in the center of electrode tip, so they become larger and stretched. This is not beneficial to the inclusion removal. The metal droplets in the slag have higher electrical conductance, so the maximum current is located nearby the metal droplets. Hence, the electromagnetic force is distributed intensively around them. Joule heating is determined by the current and electrical resistance of the slag. As the slag resistance is considered constant, the distribution of Joule heating is similar to that of current density. The distribution of temperature under horizontal vibration with flat tip electrode is shown in Figure 5 . While the temperature field is related to the Joule heating and boundary conditions, it is also influenced by the dripping metal droplets and fluid flow of molten slag and metal during VE-ESR process. The maximum temperature occurs in the lower slag layer. Its location will vary periodically over time, depending on the vibration frequency and amplitude.
Results and Discussions
The distribution of droplets and electromagnetic force under horizontal vibration with cone tip electrode are depicted in Figure 6 . The same tendency can be observed as in the case with the flat tip electrode. The metal droplets have the uniform periodical behavior and the horizontal velocity. However, the average dimension of the metal droplets is smaller. In addition, larger and stretched metal droplets are not observed. The reason for that behavior lies in the fact that the cone tip electrode accelerates metal droplets towards the center by the gravity force. In the meantime, the horizontal velocity makes them easily separated from the electrode tip. The distributions of temperature under horizontal vibration with cone tip electrode during one period (3s) are shown in Figure 7 . Contrary to the flat tip electrode case, temperature fields are periodically distributed, aligned with electrode motion. The maximum temperature zone is located along the slag depth, not in the lower part.
The temperature and velocity distributions in the center line of molten slag under horizontal vibration with different frequency are demonstrated in Figure 8 . It can be seen that with the increase in vibration frequency, the maximum temperature decreases. When the frequency changes from 0.17Hz to 1Hz, the maximum temperature reduces from 2050K to 1985K because vibrations can accelerate heat transfer between the slag and mold. Velocity distribution is different from the temperature field; the maximum is located in the center and the minimum at the wall. The metal droplets falling down through the slag layer have larger velocity. Since the electrode vibrates in the horizontal direction, the peak along the center line deviates. When the frequency id increased, the peak value of velocity is decreased from 0.20m/s to 0.125 m/s. Since the metal droplets become smaller, the dripping velocity dominated by the gravity force decreases.
The temperature distributions and velocity distributions in the center line of molten slag under horizontal vibration with different amplitudes are represented in Figure 9 . From the picture, it could be seen that with the increase in vibration amplitude, the maximum temperature in the slag drops. When the vibration amplitude varies from 3mm to 6mm, temperature decreases by 3.9%. The velocity tendency is similar to the case in Figure 8(b) . When the vibration amplitude changes from 3 mm to 6 mm, the peak value of velocity rises by 16.7%, from 0.15m/s to 0.175m/s, because electrode vibrations force the flow of nearby molten slag.
Conclusions
A transient full-coupled mathematical model with magneto-hydro-dynamic (MHD) multi-phase approach coupled with a dynamic mesh-based method has been established in the electromagnetic-controlled VE-ESR furnace. The effect of tip profile of electrode on formation of metal droplets and temperature field has been analyzed in the VE-ESR process. The effect of amplitude and frequency of electrode vibration on velocity and temperature field have been discussed.
In the case of the cone tip electrode, the average dimension of metal droplets is smaller compared to the flat tip electrode. In addition, larger and stretched metal droplets are not observed in the case of the cone tip electrode. The temperature field in the cone tip electrode case is distributed periodically, contrary to the flat tip electrode. The maximum temperature zone with the cone tip electrode is located along the z axial in the upper part of slag, not in the lower part. When the frequency changes from 0.17 Hz to 1 Hz, the maximum temperature reduces from 2050K to 1985K and the peak value of velocity decreases from 0.20 m/s to 0.125 m/s. When the vibration amplitude varies from 3 mm to 6 mm, the maximum temperature in the slag cover drops by 3.9% and the peak value of velocity rises by 16.7%.
